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ABSTRACT
STUDYING GLOBULAR CLUSTERS IN THE DWARF GALAXY NGC 247
USING SUBARU HYPER SUPRIME-CAM IMAGING
by Vakini Santhanakrishnan
While globular clusters (GCs) are among the most ancient stellar systems in
the universe, there are still lingering questions about how and where they formed.
There is relatively little known about GCs in spiral galaxies beyond the Milky Way.
We analyzed confirmed GCs, examined putative GC candidates, and looked for new
GCs around the nearby dwarf spiral galaxy NGC 247 at about 3.5 Mpc away in the
Sculptor group, based on wide-field imaging data from the Subaru Hyper
Suprime-Cam (HSC), with a 1.5 degree field of view. The extremely wide-area
coverage, depth, and image quality of HSC provide great potential for studying GCs
around nearby galaxies. Using colors, magnitudes, and sizes of
spectroscopically-confirmed objects, we defined criteria for selecting GC candidates
in NGC 247. We examined candidates visually and were able to eliminate objects
that were previously classified to be GC candidates, as well as find new GC
candidates. Spectroscopic follow-up is planned to confirm some of the new GC
candidates.
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CHAPTER 1
INTRODUCTION AND MOTIVATION
1.1 Globular Clusters
Globular star clusters (GCs) are among the oldest (τ∼ 10–13 Gyr) radiant
objects in the universe (Harris 1991). They are densely packed ensembles of stars
(half-light radii of a few parsecs; Brodie & Strader 2006). Roughly spherical in
shape, they are found in the bulge and halo regions of galaxies (Harris 1991).
However, there are still lingering questions about how and where they were formed.
There is relatively little known about GCs in spiral galaxies beyond the Milky Way
owing in part to the low numbers of GCs per galaxy in spiral galaxies relative to
ellipticals. Another complication is that the spiral disks (particularly when face-on)
pose difficulty in detecting GCs against the backdrop of clumpy spiral arms.
GCs contain information about the star formation history and assembly of
their host galaxies. The Milky Way and most other massive galaxies exhibit GC
bimodality: two distinct GC subpopulations that show color differences thought to
reflect differences in their heavy metal content (Brodie & Strader 2006). Since the
GCs of spiral galaxies are generally fewer in total number and in number per unit
galaxy luminosity (specific frequency), and due to spiral contamination, the
bimodality is less obvious compared to the ellipticals.
There are three broad, long-standing scenarios suggested for GC origins:
disk–disk major mergers, dissipational galaxy collapse (in situ model), and the
dissipationless accretion of much smaller galaxies (Brodie & Strader 2006). In both
the major merger and accretion models, it is believed that metal-rich GCs were
formed in massive galaxies and that the metal-poor GCs were acquired by the
accretion of neighboring lower-mass galaxies to produce bimodality. Therefore, it is
2important that we study these dwarf galaxies that are still intact to see if their GC
system properties are consistent with the accretion/merger scenario to explain
bimodality.
GC systems of typical elliptical galaxies can be accounted for by the merger of
two or more spiral galaxies, but for more luminous, high elliptical galaxies, the
greater number of GC population is unaccounted by the simple spiral-spiral mergers
(Rhode & Zepf 2003). By studying the accretion history of GCs, galactic stellar
halo accretion can also be probed. Simulations of accreted stellar components seem
to be consistent with the GC distribution in the Milky Way and the nearest giant
spiral galaxy M31, implying that many of the GCs were brought in by accretion
events (Abadi et al. 2006). On the other hand, there is a surprising observation that
the GC systems in the Sculptor group (including NGC 247) galaxies are in rotating
disks rather than in the non-rotating halos (as in the case of Milky Way), suggest
that GCs were formed in situ, rather than accreted (Olsen et al. 2004). However,
the number of confirmed GCs in these galaxies make the observation uncertain.
Furthermore, GCs could potentially hold clues to understanding dark matter. There
is an empirical correlation between total halo mass of a galaxy (including all visible
and dark matter in its potential well), and the total mass in its GC system (Harris
et al. 2015). However, more data are needed from dwarf galaxies such as NGC 247
to test the correlation.
3CHAPTER 2
NGC 247 - DWARF SPIRAL GALAXY
2.1 Introduction
The dwarf spiral galaxy NGC 247, classified as SAB(s)d (Brodie & Strader
2006), is one of the nearest galaxies in the southern sky. It is located about 3.5 Mpc
(Tully et al. 2013) away in the constellation of Cetus (The Whale). NGC 247 is
gravitationally bound to the Sculptor group, a group of 13 known galaxies, which is
just beyond our Local Group (Cote et al. 1997). NGC 247 resembles our Milky Way
Galaxy in the sense that both are spiral galaxies. However, NGC 247 is a factor of
∼10 times less massive than the Milky Way. The stellar mass for NGC 247 was
measured to be ∼ 3× 109 M (J. Carlin et al., in preparation). Edge-on spirals, as
seen from the side with a visible bulge, are preferred for GC detection. We choose
to search for GCs in edge-on galaxies such as NGC 247 to minimize the effects of
dust and background inhomogeneities on GC detection from the clumpy spiral arms
in more face-on spiral galaxies (Brodie & Strader 2006). There are currently only 3
confirmed GCs in this galaxy from Olsen et al. (2004), but we have obtained new
imaging data that can help us in identifying more GCs.
2.2 Subaru/Hyper Suprime-Cam
In this research, we have aimed to identify additional GCs in NGC 247
through new deep, wide-field Hyper Suprime-Cam (HSC) imaging. HSC is a
powerful mosaic CCD prime-focus camera on the 8.2-m Subaru telescope located on
the peak of Mauna Kea, Hawaii. Its focal plane is covered with 104 red-sensitive
CCDs (Goto et al. 2015). The HSC has a circular field-of-view (FOV) of 1.5 deg in
4diameter with a pixel scale of 0.17”, and the FOV is ten times larger in area than
the FOV of Suprime-Cam (Miyazaki et al. 2012).
2.3 Previous work on NGC 247
Work was previously done by Olsen et al. (2004) in identifying the GC
systems of six major Sculptor group galaxies including NGC 247. Here we
summarize the results from their analysis and observations. The data used were
from the Cerro Tololo Inter-American Observatory (CTIO) 4m telescope, Mosaic II
camera with a pixel scale of 0.27”, using Washington CM filters, and Harris R
filter. The camera had a FOV of 36×36 arcmin and the central wavelengths of the
Washington C and M filters are 3850 A˚ and 5115 A˚ respectively. The central
wavelength of the Harris R filter is 6440 A˚. The Washington C passband is between
the U (ultraviolet) and B (blue) bands, and the Washington M passband is close to
the commonly used V (visual) band.
Olsen et al. (2004) selected the GCs based on photometry and object
morphology. In order to limit the number of candidates for spectroscopic follow-up,
and to simplify the photometric analysis, they avoided the crowded galaxy disks in
their survey. GC selection regions for each of the galaxies were derived by comparing
the Milky Way GCs color–magnitude range to their color–magnitude diagrams.
Next, they used the shapes and areas of the isophotes. Isophotes usually define two
things: the shape of an object and the amount of light it gives off. Though the GCs
appear point-like (stellar), they are slightly extended. The area of the isophotes was
used to find extended objects such as GCs. They established a loose criterion that
the GC candidates should have isophotal ellipticities e < 0.4, where e = 0 represents
a circular isophote. In order to quantify the amount of light received, they
5calculated the flux from pixels contained within the isophote lying 5 σ above the
background. The objects that obeyed their color, magnitude, and ellipticity limits
and that passed visual inspection (to eliminate image artifacts and obvious
background galaxies) were selected as viable spectrograph targets. They were able
to narrow their search to ∼100 GC candidates per galaxy, to follow up with
multiobject spectrographs. There were 123 GC candidates selected from NGC 247.
Olsen et al. (2004) performed spectroscopy of some of their probable GC
candidates. Eighty-one GC candidates in NGC 247 were observed with the
Hydra-CTIO multifiber spectrograph to measure their radial velocities. Out of these
81 candidates, 30 GC candidates returned only a weak spectrum. Spectroscopy
helped them in removing the background galaxies from their GC candidates list. To
further remove the foreground stars, they used the measured velocities, along with
the full width half maximum (FWHM) of their objects compared with the FWHM
of point-like sources. Thus, they discovered and confirmed the existence of the first
known GCs in NGC 247. One of them will be shown in Figure 3.11: an image from
HSC. They were able to confirm only 3 GCs in NGC 247 out of the 51 GC
candidates that had good spectra, which is a ∼6% success rate. The GC candidates’
spectra were consistent with the previous confirmed GCs in the Milky Way.
Our research builds upon this paper in identifying more GC candidates from
the wide field, deep images from HSC for one of the Sculptor group galaxies NGC
247. The existing estimate of number of GCs in NGC 247 according to Olsen et al.
(2004) is 60±30. Figure 2.1 shows the spatial positions of the spectroscopic targets
marked on our HSC image.
6Figure 2.1: NGC 247 - spiral dwarf galaxy (FOV: 45×23 arcmin ∼46×25 kpc),
with the spectroscopically targeted objects marked on the HSC image. Yellow, blue,
red, magenta, and green symbols mark GCs, foreground stars, background galaxies,
probable galaxies, and unclassified objects (low signal-to-noise spectra). This image
is only a subsection of the overall image available from HSC.
2.4 Goals of the research
By taking advantage of wide-field and 0.6 arcsec seeing of HSC images, we are
searching for new GC candidates and also vetting previous GC candidates not
subjected to spectroscopy by Olsen et al. (2004). We combine the magnitudes
obtained with the 3 filters (Washington CM and Harris R filters) from Olsen et al.
(2004), and magnitudes from the SDSS g and i filters from HSC, plus magnitudes
from a Spitzer Space Telescope image (effective wavelength of 3.6 µm - infrared). A
total of 6 filters provide different combinations of color–color and color–magnitude
diagrams that are used to define selection regions for GCs in NGC 247. We are
hoping that half or more of our GC candidates in NGC 247 can be confirmed as
GCs (through spectroscopy in the near future).
7CHAPTER 3
DATA SOURCES, PHOTOMETRY, AND CATALOGS
Here we discuss data extraction from the HSC images using Source Extractor
(SExtractor). SExtractor is a software package that optimally detects, de-blends,
measures, and classifies sources from astronomical images (Bertin & Arnouts 1996).
3.1 General Concepts and Definitions
Before discussing data extraction, we present some of the parameters used in
order to do GC selection.
3.1.1 Astrometry
Astrometry is the calibration of an image or set of positional measurements to
a standard reference frame. Astrometric parameters give the position of the object
in the image, be it in pixels or other coordinates. The parameters used in this
research are Right Ascension (RA) and Declination (DEC) measured in degrees
(J2000) and X and Y positions of the objects in pixels.
3.1.2 Photometry
Magnitude is a logarithmic measure of the brightness of an object measured in
a specific wavelength or passband. Apparent magnitude (m) of an object tells how
bright that object appears at its great distance from Earth. Absolute magnitude
(M) is the apparent magnitude of an object if it were placed 10 parsec from Earth.
Bright objects have negative magnitudes compared to the faint ones. SExtractor
performs photometry (how bright objects are) based on five different approaches to
8compute the magnitudes: isophotal (MAG ISO), corrected-isophotal (MAG ISOCORR),
automatic (MAG AUTO), best estimate (MAG BEST), and fixed-aperture (MAG APER).
Isophotal magnitudes are computed using the detection threshold as the
limiting isophote. The best estimate magnitudes and the fixed-aperture magnitudes
were used in this research. The best photometry combines the isophot-corrected
magnitude (ISOCOR) and the automatic aperture magnitudes (AUTO- SExtractor
uses a flexible elliptical aperture around every detected object and measures all the
flux inside that). Aperture photometry is a technique that simply collects and sums
up the observed counts within a specified aperture (circular in this case) centered on
the source. The diameter of the aperture in pixels PHOTOM APERTURES is supplied by
the user.
3.1.3 Geometric parameters
Geometric parameters describe the shape and size of the object (Holwerda
2005) and are required to perform the GC selection. The important parameter used
in this research was FWHM measured in degrees or pixels. FWHM measures the
spatial concentration of the image of an object, when that object does not have
sharp edges, as shown in Figure 3.1.
9Figure 3.1: Graphical representation of how FWHM is measured. For example,
a star has a profile that closely resembles the Gaussian “seeing” disk – from Earth
atmosphere turbulence.
3.2 HSC Imaging data
NGC 247 was observed using Subaru/HSC on 2015 Oct 15 with long exposure
times of 16 × 300 s in the g filter and 10 × 300 s in the i filter, and with seeing of ∼
0.6 arcsec. The g and i filters’ central wavelengths are 4680 A˚ and 7480 A˚
respectively. The short exposure time for the g and i filters was 1 × 30 s. The short
exposure images were not dithered, so there are chip-gaps remaining. The
observations were a part of the Magellanic Analog Dwarf Companions And Stellar
Halos (MADCASH) survey (Carlin et al. 2016), whose primary aim is to study the
satellites and resolved stellar halos of dwarf galaxies. Our study of GCs in NGC 247
will ultimately connect with the stellar halo science that is being conducted by the
MADCASH survey, by looking at possible links between GCs and stellar halos in
dwarf galaxies. The data from HSC for NGC 247 were pipeline reduced at
Princeton and broken up into about 80 subsections. Our work for this project then
began with a mosaic of 8 central subsections, corresponding to a similar field of view
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to CTIO/MOSAIC. There were long exposure images, and short exposure images
for the saturated objects, for both the g and i filters.
Figure 3.2: Overview of the HSC field centered on the galaxy NGC 247, with the
box showing the CTIO 4m / MOSAIC-II field of view for comparison.
Figure 3.3: Comparison of CTIO Harris R filter image (left) to HSC i band image
(right) (FOV is 50×43 arcsec).
Figure 3.2 shows the extremely wide coverage by HSC compared to the CTIO
4m FOV. The wide coverage and the depth that HSC provide (as shown in Figure
11
3.3) increase the possibility of finding GCs in NGC 247. The median seeing with
HSC was 0.6 arcsec compared to ≤ 1 arcsec seeing conditions with the CTIO 4 m
telescope, MOSAIC II camera (Olsen et al. 2004).
3.2.1 Data extraction using SExtractor in FITS images
A catalog of objects was generated using SExtractor V2.4.3 and
cross-identification was performed by the ASSOC process. Shorter and longer
exposure images were analyzed separately because of saturated bright sources in the
long exposures. The steps for data extraction and catalog cross-identification are
presented in detail in the following sections, because the original documentation for
SExtractor is incomplete.
3.2.2 Object Catalogs
The steps followed in order to extract the catalogs of the objects are:
• SExtractor V2.4.3 was downloaded and installed. Along with it comes
important files namely default.sex (configuration file - SExtractor default
input parameters used), basic.param (requested output parameters file),
and .conv (conversion file) which are required to produce the catalogs.
• The default.sex file was renamed to N247g.sex and modified, and a name
for the output catalog was specified. See Figure 3.4.
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Figure 3.4: A screenshot of the N247g.sex file which includes the output catalog
name and the parameter file name.
• The basic.param file was modified to print out the output parameters
NUMBER, X IMAGE, Y IMAGE, ALPHA J2000, DELTA J2000, EXT NUMBER,
MAG AUTO, and FWHM WORLD as shown in Figure 3.5.
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Figure 3.5: A screenshot of the basic.param file with the required output param-
eters uncommented. At times, it requires that you comment the description, as seen
in line 17 of the screenshot.
• The catalogs for g and i filter images are generated using the command
sex -c N247g.sex N247g.fits ’[1]’ and
sex -c N247i.sex N247i.fits’[1]’ respectively. [1] implies the file
extension number.
• The respective g and i filter catalogs are created as given by CATALOG NAME
in Figure 3.4. N247 ctr g.cat contains the extracted objects’ specified
parameters of the g filter image as shown in Figure 3.6. The number of
objects extracted from g and i filter long exposure images were 120,000
and 92,000 respectively and 12,000 for the g and i band short exposure
images.
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Figure 3.6: A screenshot of the N247 ctr g.cat with the values for the requested
output parameters.
3.2.3 Cross-identification within SExtractor
SExtractor performs automated cross-identification of each detection with an
ASCII list. It works in pixel coordinates only. Configuration parameters related to
cross-identification are prefixed with ASSOC. After deriving the catalogs of objects
for the g and i band images separately, the objects in the catalogs are cross
identified using the ASSOC process. In order to do that, the .sex file was modified
to reflect the association parameters.
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Figure 3.7: A screenshot of the assoc .sex file with the ASSOCiation portion
modified.
The various parameters needed for the cross-identification process are shown
in Figure 3.7. Since cross-identification works in pixel coordinates, it required that
we specify the columns that contain the X and Y coordinates in the ASSOC list (in
this example, it was the catalog generated with the i-filter image, if we use the
g-band image to run it) in the ASSOC PARAMS. The name of the catalog generated
using the i filter image is given in ASSOC NAME. With the matching done, the
information from the matching are propagated to the output catalog specified in
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.sex file. The .param or the parameter file was modified to extract information
about all the parameters of the matched catalog. The output of ASSOC data in the
SExtractor was done through the VECTOR ASSOC() parameter as shown in Figure
3.8. The number within the brackets indicates the total number of columns from
the g and i band catalogs that were being matched.
Figure 3.8: A screenshot of the assoc .param with the modified VECTOR ASSOC in
line 203.
The output ASSOC catalog was generated as shown in Figure 3.9 using the
command
sex -c assoc N247g.sex N247g.fits’[1]’
The output catalog has 17 columns as specified by the VECTOR ASSOC(). From the
cross-identification process, the number of objects decreased from 120,000 objects
to 60,000 objects for the long exposure images, and from 12,000 objects to 6,000
objects for the short exposure images. The reduction in the number of sources from
the long exposure image catalogs was primarily caused by fewer sources in the i
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band in particular, probably because the g band image was deeper compared to the
i band image. The same processes were repeated to obtain catalogs with different
output magnitudes (MAG AUTO and MAG APER) for long and short exposure images.
The ASSOC catalogs were used for our research and analysis.
Figure 3.9: A screenshot of the output catalog with the cross-identified objects and
their parameters from both the g and i filter catalogs.
3.3 Catalog from Olsen paper
Along with the new HSC data (g and i filters) extracted from SExtractor, we
also used the data from Olsen et al. (2004) for the Washington C,M and Harris R
filters. The full catalog from Olsen et al. (2004) was supplied by Knut Olsen (priv.
comm.), and it contains 15,000 objects’ magnitudes and flux data from the 3 filters.
One of the confirmed GCs from Olsen et al. (2004) is shown in the HSC image in
Figure 3.11. The smaller number of objects in the Olsen et al. (2004) catalog was
partly due to their omission of crowded galaxy disks. The higher number of objects
in our HSC catalogs are due to the inclusion of the galaxy disk, and the median
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seeing of 0.6 arcsec with HSC also increased the photometric depth.
Figure 3.10: A screenshot of the CTIO catalog with magnitudes from the Wash-
ington C,M and Harris R filters.
3.4 Catalog from Spitzer imaging
In addition to the five filters (Washington CM , Harris R and SDSS g,i), we
extracted the catalog for a Spitzer Space Telescope image in the 3.6 µm band using
SExtractor.
A total of 6 filters were combined to produce various color–magnitude,
color–size, and color–color plots to hunt for new GCs.
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Figure 3.11: Subsection of the HSC field, showing part of the resolved outer disk
of the galaxy NGC 247 (6×3 arcmin ∼6×3.5 kpc in size). One spectroscopically
confirmed GC is marked at lower left and a new candidate at upper right.
3.5 Methods used to correct and match catalogs
In this section, we present various methods used for correcting and matching
the catalogs before GC selection using color, magnitude, and size of the objects was
made.
3.5.1 Coordinate calibration between the HSC and CTIO images
In order to construct a good GC selection region, we needed to combine the
HSC data (SDSS g,i filters) with the CTIO (Washington C and M , Harris R filters)
data from (Olsen et al. 2004). However, to start combining data from Olsen et al.
(2004), we had to first take out the large offset in the coordinates (World
Coordinate System (WCS)) between the two images. The Olsen et al. (2004)
catalog contained only the objects’ pixel coordinates along with the corresponding
magnitudes from the 3 filters (C,M , and R).
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The software Image Reduction and Analysis Facility (IRAF) was used to do
the coordinate matching between the images. IRAF is a software system for
reduction and analysis of astronomical data and is supported by National Optical
Astronomy Observatories (NOAO). SAOImage DS9, an image display tool, is a
package that is included with IRAF.
The steps followed for matching the coordinates of the HSC and CTIO images
were:
(1) We selected point sources/stars that were not saturated from one of the
CTIO filter images (for example the Harris R filter image) through DS9,
and created a regions file. From IRAF, the R filter image was again opened
through DS9 and the regions file was uploaded. Using the command
imexamine or imexam, the point sources were verified by looking at their
radial and surface plots. An example of one of the confirmed stars’ (Olsen
et al. 2004) radial and surface plots are shown in Figures 3.12 and 3.13
respectively. Once the radial and surface plots are verified using imexam, the
unsaturated stars’ pixel coordinates X and Y (in pixels) were added into a
file. The stars selected in the R filter image were identified in one of the g
or i band HSC images, and their RA and DEC (in dd:mm:ss) were noted. A
text/data file, for example stars.dat, was created having lines with pixel
coordinates (X and Y from R filter image) and matching celestial
coordinates (RA and DEC from HSC image).
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Figure 3.12: The radial intensity profile of a spectroscopically confirmed star
(STAR 38), showing a good fit to a Gaussian curve.
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Figure 3.13: The surface plot of STAR 38 shows a pointy peak against the back-
ground noise, indicative of no saturation.
(2) Next, we used the tool ccmap from IRAF to see how good our star selection
or solution was. The command was run from the IRAF command line as
follows:
ccmap input=’stars.dat’ database=’output.db’
solution=’ngc247R.fits’
The Harris R filter image from which unsaturated stars were selected was
used to run the above command. An interactive map opened up as shown in
Figure 3.14, and the solution was verified to be good by looking at the
residuals in the two directions of the map. The points can even be rejected
to attain a better solution. The result of this process was a database file
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named output.db containing the mathematical coordinate transformation,
which will be used later.
Figure 3.14: The interactive map containing the astrometric solutions to the
stars.dat file we created. The residuals are 0.0039 arcsec and 0.00288 arcsec in
the two directions.
(3) To apply the coordinate transformation to the CTIO R filter image, the
following command in IRAF was run:
ccsetwcs ngc247R.fits output.db ngc247R new.fits
output.db is the database created in the above step. To check that the
transformation was done successfully, we opened both the images (CTIO R
filter, and HSC g or i) in 2 frames in DS9 and looked at various objects to
see if the coordinates matched using the match frames option of DS9. The
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above processes were repeated for the Washington C and M filter images to
match them up to the HSC g and i images.
(4) Now that the coordinates of the CTIO and HSC images are matched, we
moved on to the next step of converting the pixel coordinates of the objects
in the Olsen et al. (2004) catalog to celestial coordinates (in degrees) using
the computed plate solution in step (2) (output.db). This step was
essential, as the catalogs created by SExtractor for the HSC images
contained RA and DEC in degrees. A data file with only the pixel
coordinates extracted from the Olsen et al. (2004) catalog was created
(olsen pixel.dat). This transformation was done by using the IRAF
command cctran. The cctran was used by using the epar (edit
parameters) approach this time. The snapshot of the parameters of cctran
is shown in Figure 3.15.
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Figure 3.15: The parameters of cctran are shown in this snapshot. The in-
put file contains the data file we created of Olsen’s objects’ coordinates in pixels
(olsen pixel.dat). The output file was generated with the coordinates converted
to degrees olsen deg.dat, and the lngform and latform were modified to display
the converted decimal coordinates up to six decimal places.
(5) The olsen deg.dat data file contains RA and DEC (in degrees) for the
corresponding pixel coordinates of the Olsen et al. (2004) catalog. The two
catalogs were merged to a final catalog olsen cmt.dat. The final catalog
contains RA and DEC (in degrees) and magnitudes using the Washington C
and M and Harris R filters. This catalog will be used for matching and
further analysis.
3.5.2 Catalog Matching
The ASSOC process for cross-identification of objects could only be used
within catalogs generated by SExtractor. Hence, a different approach was
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implemented to combine the new catalog olsen cmt.dat created in the above
section with the HSC catalog. The ASSOC catalog (containing g and i magnitudes)
created by SExtractor for the HSC images were matched with the new catalog
(olsen cmt.dat - containing C, M , R magnitudes) by a package named astropy in
python. astropy.coordinates contains commonly used tools for comparing or
matching coordinate objects. Of particular importance were those for determining
separations between coordinates and those for matching a coordinate (or
coordinates) to a catalog. These were mainly implemented as methods on the
coordinate objects.
Now that the HSC catalogs and the new catalog (olsen cmt.dat) have RA
and DEC in degrees, the RA and DEC of the 2 catalogs were matched using a
matching radius of 0.5 arcsec. The number of objects after matching ASSOC
catalogs of HSC and the new catalog were reduced to ∼8000 objects. The reduction
was due to fewer objects in the Olsen et al. (2004) catalog. A sample python code
to do the matching is shown below.
from astropy . coo rd ina t e s import match coord inates sky
from astropy . coo rd ina t e s import SkyCoord
from pylab import ∗
#Read ASSOC cata l og c rea ted from HSC images ( g and i bands )
#Read Olsen ca ta l og (C,M,T bands )
###### Matching Catalogs ###########
## Function by Aaron Deich , SJSU/UCSC 2015
de f match coord inates ( ra hsc , dec hsc , r a o l s en , d e c o l s en ) :
matchcoord = SkyCoord ( ra=ra hs c ∗u . degree , dec=dec hsc ∗ u . degree )
ca ta l ogcoord = SkyCoord ( ra=r a o l s e n ∗u . degree , dec=dec o l s en ∗ u . degree )
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idx , sep2d , d i s t3d = match coord inates sky (matchcoord , ca ta l ogcoord )
re turn idx , sep2d
idx 2 , sep2d 12 = match coord inates ( ra hsc , dec hsc , r a o l s en , d e c o l s en )
sep2d 12 = sep2d 12 . to (u . a r c s e c )
idx hsc good = where ( sep2d 12 < 0 .5 ∗ u . a r c s e c )
3.5.3 Zero-point corrections
We needed the g and i bands’ zero-point adjustments to perform analysis
using color, magnitude, and size plots. Zero-point correction was computed by
comparing the instrumental magnitudes of point source objects such as stars
extracted through the SExtractor to the calibrated magnitudes published in
MADCASH survey. There were different methods employed to get the zero-point
corrections. The calibrated magnitudes used the aperture photometry. So, the
MAG APER photometry of the SExtractor was used to get the instrumental aperture
magnitudes. The aperture sizes were mentioned in PHOT APERTURES in the
corresponding photometry section of the .sex file. The aperture diameters used
were from 4 pixels to 20 pixels . We looked at the thin horizontal stretch shown in
Figure 3.16 where point sources (stars) belong. As aperture size was increased, the
offset stabilized to a more constant value. The zero-points were derived for both the
g and i long exposure images.
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Figure 3.16: Plot of g-calibrated magnitude (mg (cali)), and the difference between
the g-instrumental (aperture size 20 pixels - (mg20) (instr)) and g-calibrated magni-
tude done for objects in the HSC long-exposure image.
From the Figure 3.16, the offset for the g and i magnitudes’ long exposure
images was determined to be 3.0 [mag]. This offset was then subtracted from the
instrumental magnitudes generated in the ASSOC catalog produced by SExtractor
for further analysis.
3.5.4 Short-exposure images
Since some objects are saturated in the long exposure image, the short
exposure images were analyzed for those objects. There was an additional
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magnitude correction that was done other than the zero-point corrections. Catalog
of objects in the short exposure g and i bands were made using the SExtractor, as
mentioned in Chapter 3. Then, the short-exposure catalogs were matched to the
long exposure g and i band catalogs using the match coordinates of the astropy
package, as mentioned in Section 4.2. The difference in the magnitudes between the
matched long and short exposure catalogs was computed and the median was found.
The g-magnitude and i-magnitude medians were found to be 3.60 and and 3.49
respectively. These corrections were added to the g and i magnitudes in the
short-exposure catalogs, in addition to the zero-point offset that was previously
calculated.
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CHAPTER 4
GLOBULAR CLUSTER SELECTION METHODS
Here, various methods are developed to select GC candidates by constructing
color–magnitude, color–color, and magnitude–FWHM plots. The GC selection was
defined by using the magnitudes, colors, and sizes of the spectroscopically-confirmed
GCs in NGC 247 from Olsen et al. (2004). During the course of the research, there
was an ultra-compact dwarf (UCD) discovered by Romanowsky et.al., which will be
marked in all of our plots. UCDs are recently discovered compact stellar systems
that are typically more luminous and larger in spatial extent than GCs (Brodie
et al. 2011).
4.1 Size – Magnitude plot
In nearly all cases, the GCs have a more extended spatial distribution than
the galaxy field stars (Brodie & Strader 2006). A plot of the FWHM (apparent size
of an object) in the g band versus g band magnitude (mg) for all the sources in the
long exposure was made. Therefore, it was important to find parameters that can
be used in plots to differentiate the stars from the GCs.
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Figure 4.1: Full-width half maximum in g band (FWHMg) vs g-band magnitude
(mg) diagnostic plot from the long-exposure image, with colored symbols marking
spectroscopically-confirmed objects.
From Figure 4.1, we can see that with the 0.6-arcsec seeing of HSC, most
stars, GCs, and galaxies can be differentiated based on their apparent sizes. The
stellar sequence is visible at around ∼0.6 arcsec. The GCs seem to fall close to the
star sequence, and it is hard to make a clear differentiation between the stars and
GCs from this plot. However, there is a better distinction of galaxies which can be
eliminated from the analysis. Since all of the confirmed GCs have a FWHM < 1.0,
only objects with FWHM < 1.0 were used for further analysis. The cut-off for mg
was ∼19, below which the objects are saturated. The saturated objects in the long
exposure images are examined in the short exposure images separately.
4.2 Color–Magnitude Diagrams
The Hertzsprung–Russell (HR) diagram which is commonly used to study the
temperatures and magnitudes of individual stars is a variant of the color−magnitude
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diagram (CMD). The magnitude of a star is related to the log of flux. Color is the
difference between the magnitudes for a given source in two different filter bands.
Hence, color is related to the ratio of the fluxes. Searches for GCs using broadband
colors are necessarily statistical in nature due to the significant interloping Milky
Way stars and distant galaxies (Durrell et al. 2014). The color in our research was
obtained by subtracting the long exposure objects’ magnitudes in g band (4680 A˚)
and i band (7480 A˚). We chose the optical g − i, because it is well measured for
these relatively bright objects and has a long wavelength baseline (di Tullio Zinn &
Zinn 2015). The plot with g−magnitude on the vertical axis and color on the
horizontal axis is shown in Figure 4.2 and was made with the Durrell et al. (2014)
paper as a reference. Only objects with FWHM g > 1.0 were plotted.
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Figure 4.2: CMD diagram of sources from the central region around NGC 247 with
colored symbols marking spectroscopically-confirmed objects.
In Figure 4.2, the boxed regions are the locations of the (from top left to
bottom right) bright MW halo turnoff stars (BTO), faint turn off stars (FTO), the
blue globular cluster region (bGC), the adjoining red globular cluster region (rGC),
and the red halo star populations (RED). The horizontal dashed line marks the
expected location of peak of the GC luminosity function. To select candidate GCs,
we made use of specific regions within the g and g − i CMD. Most GCs have
0.55 < (g − i) < 1.15 (Durrell et al. 2014) and mg > 20.6, which we adopted as our
color and magnitude criteria for GC selection. As the range of (g − i) colors is
indicative of the range of metallicities of the (assumed old) GCs, the color criterion
34
is further divided into a blue metal-poor GC population (bGC) and a red metal-rich
GC population (rGC) with the dividing color at mg = 0.80 (Durrell et al. 2014).
Sections were defined in the mg, (g − i) CMD as shown in Figure 4.2 to make a clear
distinction between the many different populations in the CMD.
(1) Bright turn off (BTO): 18.5 < mg < 20, 0.2 < (g − i) < 0.5; largely contains
BTO stars from the inner Milky Way (MW) halo populations.
(2) Faint turnoff (FTO): 20 < mg < 23, 0.2 < (g − i) < 0.5; largely contains
FTO stars.
(3) Blue GC (bGC): 20.6 < mg < 23, 0.55 < (g − i) < 0.80; samples the NGC
247 bGC population.
(4) Red GC: 20.6 < mg < 23, 0.80 < (g − i) < 1.15; samples the NGC 247 rGC
population.
(5) RED: 20 < mg < 23, 1.3 < (g − i) < 1.5; samples both inner halo main-
sequence stars and faint MW disk stars.
There are about 83 GC probable candidates within the bGC and rGC, with the
mg > 20.6 GC luminosity function cut off. For mg ≤ 20.6, we looked at the data of
the short exposure image. The short exposure objects overlaid on the long exposure
objects for mg ≤ 20.6 is shown in Figure 4.3. Only objects with FWHM g < 1
were selected in the short exposure images too. There were probable GC candidates
in the short exposure image with mg < 20.6. The combined probable GC candidates
from the short and long exposure images that obeyed the CMD (g − i color)
selection region were 133.
There was one spectroscopically-confirmed GC (NGC 247 73) that was not
within our selection region. This was an interesting candidate, as it was much more
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extended than the other 2 confirmed GCs. Since there have been only 3 GCs
confirmed in NGC 247, it is unclear where GCs like NGC 247 73 fit in.
Figure 4.3: CMD diagram of sources from the long and short exposure central
regions around NGC 247 with colored symbols marking spectroscopically-confirmed
objects. The objects marked in gray are from the long exposure image, while the ones
marked in purple are from the short exposure image
4.3 Color-Color Diagrams
Investigating astronomical objects by adding more filters provide diagnostic
power for classifying objects (Mun˜oz et al. 2014). Many of the GCs in dwarf
galaxies have been found to be blue, consistent with very old ages and low metal
abundances (di Tullio Zinn & Zinn 2015). With six different filter bands (g,i from
HSC, C,M ,T from CTIO, and 3.6 µm - infra red from Spitzer), many combinations
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of color–color plots were made to see if the GC region could be differentiated from
the stellar sequence.
Figure 4.4: Color-color diagram using the matched catalog from HSC and CTIO
magnitudes.
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Figure 4.5: Color-color diagram using only the magnitudes from the CTIO catalog.
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Figure 4.6: Color-color diagram using the matched catalog from HSC and Spitzer
magnitudes.
From the above plots, it is quite hard to differentiate decisively between the
GC and the stellar regions. The last plot between HSC and Spitzer catalog seems
to be doing a better job in differentiating, but still the differentiation is inconclusive.
4.4 Concentration Index
Concentration Index (CI) is the difference in magnitudes from two different
aperture sized photometry. This helped in point source selection.
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Figure 4.7: Plot of g−band concentration index ∆g = g4 − g8 vs the g magnitudes
(MAG BEST) for sources in the long exposure. Also included are the confirmed objects.
The Figure 4.7 shows the CI plot for the long exposure image. Aperture
photometry (MAG APER) was used in SExtractor to calculate the CI. The aperture
sizes chosen were 4 and 8 pixel diameters. Point sources were examined based on
the concentration index ∆g = g4 − g8 (the difference between the four-pixel and
8-pixel diameter g aperture magnitudes). The stellar sequence at ∆g ∼ 0.6 is visible
as shown in Figure 4.7. We also made this plot with the short exposure g and i
band image data to examine the saturated objects.
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Figure 4.8: Plot of g−band CI ∆g = g4 − g8 using aperture magnitudes vs the g
BEST magnitudes (mg) for sources in the short exposure with the spectroscopically-
confirmed objects marked.
The Figures 4.8 and 4.9 show the g and i bands’ CI indices using aperture
magnitudes (MAG APER) of the short exposure images.
CI for g magnitude was computed by ∆g = g4 − g8 and CI for i magnitude
was computed by ∆i = i4 − i8 (difference between the four-pixel and 8-pixel
diameter i aperture magnitudes).
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Figure 4.9: Plot of i−band CI using aperture magnitudes ∆i = i4− i8 vs the i mag-
nitudes (mg) for sources in the short exposure with the spectroscopically-confirmed
objects marked.
From the plots above, the GCs seem to be closely following the stellar
sequence. It is hard to make a differentiation between the point sources and GCs.
However, we could see that at least two of the GCs on the stellar sequence look
extended compared to the stars. One of the confirmed GCs is more extended with
the g4 − g8 close to 1 and is closer to the galaxies.
In the next chapter, we analyze few probable GC candidates that fall within
the CMD and CI criteria.
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CHAPTER 5
ANALYSIS AND RESULTS
To facilitate spectroscopy in the near future and to narrow down our search of
GCs visually, some GC candidates were chosen that followed the criteria of both the
CMD and CI diagrams.
5.1 GC candidates
GCs have a slightly extended spatial distribution compared to stars, but
closely follow the stellar sequence. We used the CI plot of the long exposure g band
as shown in Figure 5.1 and randomly selected candidates close to the stellar
sequence. There were 14 candidates chosen for further analysis. The candidates’
(marked in purple) CI ranged from 0.55 < (g4 − g8) < 0.65 and g magnitudes from
19 < mg < 21. The 14 GC candidates’ positions (RA and DEC in degrees) and g
and i filter magnitudes are shown in Table 5.1. Out of the 14 GC candidates, 4 of
them were close to the disk of NGC 247.
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Figure 5.1: Plot of g-band concentration index ∆g = g4 − g8 vs the g magnitudes
(mg) for sources in the long exposure with the violet points showing probable GCs.
The GC candidates selected using the CI criteria were located on the CMD
plot in Figure 4.2. The plot confirmed that all the GC candidates were within the
color range for GCs and is shown in Figure 5.2.
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Figure 5.2: CMD diagram of sources from the central region around NGC 247 (long
exposure) with violet colored symbols marking GC candidates.
The 14 GC candidates’ positions and magnitudes are shown in Table 5.1.
They are named as NGC 247 1P, with 1P indicating the first probable GC
candidate.
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Table 5.1: List of GC candidates and their g and i band magnitudes
GC candidates
RA-J2000
(deg)
DEC-J2000
(deg)
g-mag i-mag
NGC 247 1P 11.85026 −21.06753 19.80 18.72
NGC 247 2P 11.90455 −20.76728 20.54 19.42
NGC 247 3P 11.72100 −20.74223 19.97 19.02
NGC 247 4P 11.81935 −20.69915 20.94 19.95
NGC 247 5P 11.72753 −20.69151 20.72 20.10
NGC 247 6P 11.97651 −20.67356 21.50 20.81
NGC 247 7P 11.76337 −20.57399 21.74 21.12
NGC 247 8P 11.70917 −20.56848 19.46 18.55
NGC 247 9P 11.59859 −20.53546 19.27 18.71
NGC 247 10P 11.79105 −20.50526 20.47 19.70
NGC 247 11P 11.64965 −20.49027 19.76 18.61
NGC 247 12P 11.75808 −20.45682 19.38 18.72
NGC 247 13P 11.65397 −20.44870 19.26 18.56
NGC 247 14P 11.83761 −20.43769 21.44 20.56
5.2 Visual Inspection of GC candidates
The 14 GC candidates were visually inspected using DS9 in the g-band long
exposure image. The thumbnail images of all of the candidates are shown in Figures
5.3 and 5.4. Most of the GC candidates appear round and slightly extended
(resolved). Spectroscopy is needed to confirm the GC candidates.
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Figure 5.3: 1st 12 GC candidates from our selection (size of thumbnail ∼10.5 arcsec
∼180 pc).
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Figure 5.4: GC candidates 13 and 14 (size of thumbnail ∼10.5 arcsec ∼180 pc).
We also looked at some of the candidates in the Hubble Legacy Archive
(HLA) designed to optimize science from the Hubble Space Telescope and were able
to locate a few of our GC candidates as shown in Figure 5.5. The observation was
based on GC selection from the short exposure HSC images, which include more
objects in the disk.
Figure 5.5: Three GC candidates observed in the Hubble Legacy Archive (HLA).
5.3 Elimination of candidates classified as GCs
We visually inspected GC candidates from Olsen et al. (2004) that either had
a weak or no spectrum. We were able to eliminate several objects classified as GC
48
candidates. This elimination was possible due to the deep imaging, with 0.6 arcsec
seeing of the HSC. Table 5.2 shows the magnitudes of the confirmed GCs and one of
the GCs (NGC 247 64) is shown in Figure 3.11. Figure 5.6 shows the thumbnails of
objects originally classified as GC candidates and Table 5.3 tells about their
spectroscopy results. From the images, the candidates look extended like galaxies in
the HSC image. Table 5.2 shows the SDSS g and i, Washington C and M , and
Harris R magnitudes of the three spectroscopically-confirmed GCs.
Table 5.2: Spectroscopically-confirmed GCs and their 5 filters’ magnitudes
RA(J2000) DEC(J2000) mg mi C-mag M -mag R-mag
NGC 247 53 11.70664 −20.74894 21.40 20.60 22.35 21.37 20.59
NGC 247 64 11.98445 −20.64441 19.01 18.96 19.84 19.06 18.45
NGC 247 73 11.83308 −20.77761 20.05 19.33 21.10 20.35 19.63
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Figure 5.6: Candidates considered to be GCs by Olsen et al. (2004) appear as
background galaxies in the HSC imaging. The name of each object is written in
yellow below each thumbnail (size of thumbnails ∼10 arcsec ∼170 pc).
Table 5.3: Spectroscopy observations of GC candidates
RA DEC
NGC 247 45 11.66306 −20.79249 no spectrum
NGC 247 51 11.70169 −20.86508 weak spectrum
NGC 247 81 11.87785 −20.92932 no spectrum
NGC 247 84 11.91002 −20.57307 weak spectrum
NGC 247 86 11.92046 −21.06153 weak spectrum
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 Concluding Remarks
In this thesis, we have described in detail the extraction and
cross-identification of catalogs using SExtractor. The catalogs were used to make
color–color, color–magnitude, and concentration index plots from HSC images of the
dwarf spiral galaxy NGC 247 and defined criteria for GC selection. In conjunction
with visual inspection, we thereby selected 14 promising GC candidates. We are
hoping that at least 50% of these GC candidates can be confirmed. Only
spectroscopy can definitively confirm the GC candidates and is planned in the near
future. There are many more GC candidates that fit our selection criteria and
require follow-up visual inspection. Although there were 6 filters (SDSS g and i,
Washington C and M , Harris R, and Spitzer 3.6 µm - infra red), we were not able
to distinguish the stellar sequence from the GCs using the color–color diagrams.
There could also be GC candidates that are less compact than our FWHM criteria
allow, implying that those GCs would be missed by our current selection. Since
there are so far only three spectroscopically confirmed GCs in NGC 247,
confirmation of some of our GC candidates can help in understanding the spatial
positions of the GCs and in verifying the existence of bimodality.
6.2 Future Work
We are planning on finding more GC candidates that fit our criteria and then
carrying out visual inspection. We also need to refine on our selection criteria and
narrow down the list of GC candidates to a manageable size for visual inspection.
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The search for GCs in NGC 247 also needs to extend to larger radii using the full
HSC field of view. Spectroscopic follow-up is also envisioned to confirm some of our
GC candidates.
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